.We ersio h elhefewo rouet 4 air polti an hildeivig in 2 commn_e in the UnitdSates. and CandL stt o didenetentegs of 8 and..12. competda sef.dinsee quamoniread r'ie consen fo ta chld to peom a standardized forced expirator mane_ver at schiol i :22 of ithee om es Air Experimental studies of sulfur dioxide and particulate pollutants have indicated adverse health effects in both animals (1) and human subjects (2) . Epidemiologic studies of acute health effects have found decreased lung function (3), increased respiratory symptoms and illnesses (4), increased hospitalizations (5, 6) , and increased mortality (7) to be associated with current levels of particulate air pollution in many urban areas. Particle strong acidity is found in the fine-size fractions of suspended particulates, raising the possibility that the observed chronic health effects associated with respirable particulate pollution may be attributable at least in part to the acidity of the particles (8, 9) . However, previous population-based studies lacked direct measures of particle acidity; investigators used surrogate measurements to assess the possible effects of particle acidity on health. Improvements in atmospheric monitoring have resulted in the direct measurement of particle acidity in various locations throughout North America (10) . Because of the widespread distribution of the exposure and the toxicological and clinical data suggesting potential effects, concern has been raised regarding the possible adverse health effects resulting from exposures to partide acidity (11, 12 ).
Previous population-based studies have relied on measurements of pollutants that were only indirectly related to particle acidity. The Harvard Six Cities Study of 5422 children demonstrated that particulate matter <15 pm in diameter was associated with reported bronchitis in the past year, but no statistically significant associations were observed for pulmonary function (13, 14) .
A later analysis suggested that the annual mean of particle strong acidity was associated with reported bronchitis in the past year [odds ratio (OR) = 2.4, 95% confidence interval (CI), 1.9-3.2] among a separate cohort of 12, 302 children in these six communities plus Charleston, West Virginia (15) , but the measurements of particle acidity were made after the collection of the health data. Authors of earlier studies suggested that the power of an epidemiologic study to detect the health effects of particle acidity would be enhanced by increasing the number of communities (16) and by selecting communities at the extremes of the continental scale range of aerosol acidity exposures (17) . The present study (18) was specifically designed to examine the adverse health effects resulting from repeated intermittent, long-term exposures to directly measured particle strong acidiy on pulmonary function and respiratory symptoms [reported in an accompanying paper (1512 of schoolchildren.
Methods
Air monitoring. We selected 24 communities on the basis of previously measured sulfate and ozone concentrations and demographic characteristics (20) . We included 18 sites in the United States and 6 sites in Canada to provide a wide range of expected acid aerosol and ozone levels. Communities were predominantly suburban or rural with homogeneous, relatively stable populations and no major local sources of air pollution. Each site was monitored for approximately 12 months, and pulmonary function tests were conducted at the end of the year in all but two of the communities. Eight sites were monitored during the first year, nine sites in the second year, and seven sites in the third year of the study.
Air pollution measurement methods and results are described in an accompanying paper (20) . We sampled particulate pollutants for 24 hr every other day for at least 11 months. Inhalable particulate matter with an aerodynamic diameter <10 pm (PM1O) was sampled using a Harvard Impactor (21) . Fine particulate matter with an aerodynamic diameter >2.1 pm (PM2.1) was sampled using a glass impactor/filter pack system. Fine particle strong acidity, fine particle sulfate, and gaseous acids (nitrous and nitric acids) were sampled using the Harvard EPA Annular Denuder System (HEADS) in 21 communities Articles * Acid aerosols and pulmonarv function in children (22, 23) . In three communities with low levels of gas-phase acidity, the simpler Harvard Impactors with ammonia denuders were used. Strong acidity was measured by pH analysis (24) (25) . The association between particle acidity and respiratory symptoms is reported elsewhere (25) .
Lungfunction testing. Pulmonary function tests were administered by trained field technicians between October and May to those children with parental permission. Pulmonary function measurements were generally scheduled in each community to be completed with the end of the air monitoring sampling. The study protocol and methods were approved by the human subjects committee at the Harvard School of Public Health and separately by local health authorities and school boards in each community. The local school boards in two communities subsequently withdrew their permission to conduct the pulmonary function testing, although questionnire data were collected.
The same centrally trained technicians administered a standard forced expiratory test throughout the study according to methods suggested by the American Thoracic Society (26) using a Spiroflow rolling seal spirometer system (PK Morgan, Andover, Massachusetts). All spirometers were calibrated each morning and afternoon on test days using a 3.0-1 syringe and independently audited annually (27 (13, 14) . In the present study, a two-step analysis was used to correct for any excess between-city variability. In the first step, we calculated city-specific adjusted means by regressing the natural logarithm of the pulmonary function measurement on sex, ln age, ln height, In weight, and an interaction term of sex and ln height. In the second step, we regressed these adjusted means against the city-specific annual mean air pollution concentrations using weights inversely proportional to the sum of the between-city and withincity variances of the adjusted means. Analyses were done using SAS software (SAS Institute, Inc., Cary, North Carolina). Results of the weighted regression coefficients and standard errors are summarized as the estimated relative changes in pulmonary function parameters scaled to the range in the city-specific annual mean of air pollution. Stratified and sensitive subgroup analyses were conducted in a similar fashion using the two-step approach.
A second analysis assessed the prevalence of children whose pulmonary function was less than 85% of the value predicted by the analysis performed in stage one. We calculated city-specific logits of the fraction of children with FVCs <85% of predicted. The stage-two analysis was conducted as described above, but using the sum of the between-city and withincity variances of the adjusted logits as the weights. The logistic regression coefficients and their standard errors are expressed as odds ratios scaled to the range in the cityspecific annual means of air pollution.
Results
A total of 15,523 questionnaires were returned, of which 14,103 had complete Environmental Health Perspectives * Volume 104, Number 5, May 1996 information on selected covariates for white children age 8-12 years. We excluded 736 children because of significant medical conditions unrelated to air pollution: children with a history of cystic fibrosis, chest operations, heart conditions, or who received oxygen for more than 2 weeks after birth or at home. A total of 1537 children did not attempt the pulmonary function test, mainly due to lack of parental permission. In addition, 82 children were excluded who smoked more than five cigarettes in their lifetime, 10 children with missing heights or weights, 133 children (1%) with extreme heights (<120 cm or > 160 cm), and 133 children (1%) with extreme weights (<50 lbs or >150 lbs). After eight attempts, 721 children (6%) had no acceptable pulmonary function test, and an additional 502 children (5%) failed to have two acceptable tests. These restrictions left a data set of 10,251 children in 22 communities with at least 2 acceptable pulmonary function tests. The communities had similar means for gender, age, height, and weight as well as similar numbers of children excluded from the analysis with the exception of Newtown, Connecticut (Table 1) . Newtown was the first community examined, and a technical error led to a higher exclusion rate. Due to the restrictions on height and weight, the children were of similar stature across the 22 communities, with city-specific means ranging from 140 to 144 cm for height and from 79 to 91 lbs for weight (36-41 kg). The communities also had similar proportions of children in subgroups considered potentially sensitive to air pollutant health effects (Table 2) . Approximately three-fourths of the children had lived in their current community since at least age 6, and most had lived in their current community since birth. The proportion of children in each community who were exposed to environmental tobacco smoke in the home ranged from 28% to 63%.
The ranges in the city-specific annual means (Table 3) for particulate pollutants were 51.9 nmol/m3 for particle strong acidity, 6.8 pg/m3 for sulfate particles, 14.9 jg/mi3 for respirable particulate matter (PM21), and 17.3 pg/m3 for inhalable particulate matter (PM O). City-specific mean particle strong acidity was moderately correlated with PM10 [Pearson's correlation coefficient (r) = 0.47], strongly correlated with sulfate (r = 0.90) and PM2.1 (r = 0.82), and essentially uncorrelated with gaseous acids (r = 0.07). Three exposure parameters were considered for the annual mean ozone concentration: the average maximum 1-hr mean, the average daytime 8-hr (1000-1800 hr local time) mean, and Particulate air pollutants, including measurements of particle strong acidity, were associated with decreased pulmonary function levels among the children in these communities (Table 5 ). Particle strong acidity across the 22 communities (range 52 nmol/m3) was associated with a 3.5% decrement (95% CI, -4.9 to -2.0) in FVC (Fig. 1) . Controlling for daytime ozone had little effect on the association between FVC and particle strong acidity (Fig. 1 ). Similar differences in FVC were seen for the other particulate pollutants ( All three ozone parameters were associated with a decrease in pulmonary function (Table 6 ); daytime mean ozone showed the strongest association (Fig. 2) . Although the association with daytime mean ozone alone was statistically significant (-3.7% difference in FVC scaled to the range of 39.4 ppb in daytime ozone), adding particle strong acidity into the model (Fig. 2) resulted in a substantial attenuation of the daytime ozone effect (-2.2%, 95% CI, -4.2 to -0.2, difference in FVC scaled to the range of daytime mean ozone). This suggests that the association between daytime ozone and adjusted FVC is partially explained by the correlation of daytime mean ozone with particle strong acidity. However, the explained variation in FVC associated with particle strong acidity was independent of daytime mean ozone (Fig. 1) .
Stratification of the sample population did not greatly affect the association of adjusted FVC with particle strong acidity (Fig. 3) . No particle strong acidity and FVC (-4.1%, 95% CI, -5.8 to -2.5) as compared to those who moved into the community after the first grade (-2.4%, 95% CI, -3.9 to -0.9). Children whose parents reported a history of asthma had a slightly stronger association between FVC and particle strong acidity, although the confidence intervals were wide (Fig. 4) . None of the subgroups showed a significant difference from the result for the entire sample. In particular, asthmatic children and children exposed to environmental tobacco smoke in the home had the same decrement in FVC as observed for the total sample.
Air pollution was associated with the children whose measured FVC was <85% of predicted (Fig. 5) . Particle strong acidity across the range of exposures was associated with a nearly threefold increase in the proportion of children with an FVC <85% of predicted (OR = 2.5, 95% CI, 1.8-3.6). The association of particle strong acidity and low FVC was not altered by an adjustment for ozone. Particle strong acidity had a weaker association with an FEV1.0 <85% of predicted (OR = 1.7, 95% CI, 1.2-2.3) and with an FEV1.0 to FVC ratio less than 85% of predicted (OR = 1.1, 95% CI, 0.6-2.0). For ozone, the odds ratio for an FVC <85% of predicted was 2.9 (95% CI, 1.4-5.8) for the range of ozone observed in this study, but the relative odds was reduced to 2.0 (95% CI, 1.6-2.5) after controlling for the effect of particle strong acidity (Fig. 5) . The spatial distribution of the prevalence of FVC <85% of predicted reveals consistently higher frequencies among the communities of the Sulfate Belt (Table 4) .
Discussion
This study was designed to determine whether long-term exposure to acidic aerosols as estimated by 1 year of aerometric data was associated with observable decrements in lung function in children. The data from this study indicate that particle strong acidity across the range (52 nmol/m3) of observed concentrations was associated with statistically significant decrements in FVC (-3.5%, 95% CI, -4.9 to -2.0) and FEV10 (-3 im, but at levels of 122 to 410 pg/m3 (equivalent to 2500 to 8400 nmol/m3 of strong acidity), the changes were not statistically significant (35) .
The acute health effects of particle acidity on young people attending summer camps have been studied, with inconsistent . Percent decrement in forced vital capacity and 95% confidence intervals for a 52 nmol/m3 increment in particle strong acidity for potentially sensitive subgroups of children adjusted for age, height, weight, sex, and the interaction between sex and height: 22 (Table 6 ). In analyses with two pollutants, ozone did not alter the association between the pulmonary function measurements and particle strong acidity, but particle strong acidity reduced the associations with ozone. This reduction in the ozone association after controlling for particle strong acidity indicates that the observed ozone association is produced in part by confounding by particle strong acidity. However, the instability in the observed ozone association may be due to the limited variance of the mean ozone measurements across the 22 communities. The present data may not be sufficiently heterogeneous to reliably assess the chronic pulmonary effects of ozone in children.
Potential Limitations
Epidemiologic studies are vulnerable to selection, information, and confounding biases. In this cross-sectional study, the observed associations with acid aerosols may be confounded by other pollutants or by other city-specific characteristics.
The site selection process provided a range of particle strong acidity exposures with little correlation with ozone exposures. The 22 communities were selected to be demographically similar to the communities in the Harvard Six Cities Study and to cover the range of exposures to particle strong acidity across the United States and Canada. No prior information on respiratory health was used in the site selection process. Across these 22 communities, the children had similar mean levels of selected covariates (Tables 1 and 2) , and the effect of any differences in the distributions of sex, age, height, and weight were controlled in the first stage of the analysis by an individual level regression model. (Fig. 3) . The influence of exercise less that 30 min before the examination was determined to have a small effect, similar to that found in other studies (42) , but the adjustment for exercise did not alter the observed relationship. Although dampness of the home was associated with respiratory symptoms (43) , there was no evidence of a stronger association between particle strong acidity and FVC among children living in damp homes nor among asthmatic children. The association between higher levels of particle strong acidity and decrements in FVC was unrelated to asthma: asthmatic children showed the same decrement in FVC as nonasthmatic children, the prevalence of an FEV1 0 to FVC ratio <85% of predicted was not associated the particle strong acidity, and the prevalence of asthma and asthmatic symptoms was not associated with particle strong acidity among these children (25) . The child's sex did not alter the observed response to pollution.
Chronic air pollution exposure in each community was estimated by the long-term mean concentration based on at least 11 months of monitoring. It is possible that the year of air monitoring in each community was not representative of previous years of exposure. Brook and Spengler (44) have reviewed available historical aerometric and meteorologic data available in several regions and have concluded that the exposure measure assigned to each community was relatively stable and that no factors were observed that altered the relative ranks of the communities for particle strong acidity, ozone, or PM10. The effect of length of residence in the community was examined using the questionnaire data. More than half of the subjects had lived in their respective communities from birth, and there is some evidence that the association of particle strong acidity with FVC was greater Volume 104, Number 5, May 1996 * Environmental Health Perspectives 512-Articles * Acid aerosols and pulmonary function in children among those children who were lifelong residents of the communities (4.1%, 95% CI, -2.5 to -5.8).
Personal activity and exposure patterns could have affected the lung function of individuals within each community. This effect cannot be determined within the design of the present study, but it is unlikely that there were significant activity pattern differences across the communities that would be directly correlated with annual exposures. Exposure misclassification cannot be excluded as a potential factor that could affect the magnitude of the observed association; however nondifferential misclassification of exposure would tend to bias the association towards the null hypothesis.
Particle acidity, sulfate, and fine particulate matter have a common origin in the combustion of fossil fuels and have similar long-range regional transport characteristics. Across the 22 communities in this study, particle strong acid was strongly correlated with sulfates (r = 0.90) and with PM2.1 (r = 0.82), but less correlated with the PMIO measurements (r = 0.47). This correlation limits the ability to attribute the observed decreased in lung function to any particular pollutant. Measurements of particle strong acidity were slightly better predictors of a pulmonary function decrement, but these differences are not significant and may only reflect differences in the precision of the various measurement techniques as indicators of a common unmeasured or poorly measured pollutant.
The evidence of an association between fine acidic particulates and lung function may have significant health implications. Three FEV10, FEF25-75%, and PEFR with no significant differences in any of the ratio measures is consistent with any of these hypotheses.
In summary, in this study we found a modest but significant reduction in pulmonary function level among children associated with living in communities with higher levels of respirable particulates, including directly measured particle strong acidity. If these children continue on this track in the growth of their lung function, as suggested by previous studies, exposure to particle acidity may put these children at a disadvantage in the future. Because of the cross-sectional nature of the current study, further studies will be necessary to determine if these outcomes are found in older children who have entered their adolescent growth phase. Whether these or other exposed children are at greater risk of both acute and chronic response to other ambient or respiratory pollutants such as occupational or personal exposures to environmental tobacco smoke or other pollutants will need to be explored.
